A. Crimp, Gallium nitride porous microtubules self-assembled from wurtzite nanorods, Journal of Crystal Growth, http://dx.doi.org/10.1016/j.jcrysgro. 2014.12.037 This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting galley proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. 
Introduction
For decades, scientists have been interested in self-assemblies of nanomaterials. Since the discovery of C 60 [1] and carbon nanotubes [2] , various nanoparticles [3] , nanowires [4] , and nanotubes [5] etc. have been synthesized. These nanoscaled materials can self-assemble into various macroscopic structures [6] , 5 such as carbon nanotube micro-rings [7, 8] , gallium nitride nanocrystal-assembled bulks in millimeters [9] , and thermoelectric bulk nanocomposites in inches [10, 11] , without any templates. Among the self-assembled macroscopic structures, microtubular structures consisting of nanoparticles are expected to facilitate wide applications in electrochemistry [12, 13] , biosensors [14] and field emis-10 sion [15] . These macroscopic structures possess high surface area and quantum confinement effects associated with their constituent nanomaterials, resulting in superior properties over three-dimensional bulk nanocomposites.
However, it is challenging to synthesize microtubular structures with quantum effects. Various microscaled hollow tubular structures have been synthe- 15 sized without templates, such as element microtubes (gold microtubes [16] , selenium microtubes [17] , tellurium microtubes [18, 19] , silicon microtubes [20] , and carbon microtubes [21] ), surfide microtubes (ZnS [22] , MoS 2 [23] , and PbS [24] ), oxides microtubes (ZnO [25] [26] [27] and Al 18 B 4 O 33 [28] ), borate microtubes (AlB [29] ), pharmaceutical microtubes [30] , and organic microtubes [31] [32] [33] . The 20 crystalline size of the constituent nanostructures, as well as the walls of these microtubes, were several hundred nanometers to several microns in diameter.
Therefore, these microtubes show only limited quantum properties. To date, it is still very challenging to self-assemble zero-dimensional nanoparticles, onedimensional nanowires, or one-dimensional nanotubes into three-dimensional 25 ordered structures to achieve macroscaled tubular materials with quantum confinement effects.
Gallium nitride (GaN) semiconductors have a direct band-gap of 3.4 eV and have been widely applied in blue and UV light emission devices and laser devices [34, 35] . To date, many kinds of GaN nanomaterials, including GaN nanopar-30 ticles [36] , GaN nanorods [37, 38] , GaN nanowires [39] [40] [41] [42] , GaN nanotubes [43] [44] [45] [46] , and GaN nanocomposites [9] have been synthesized. GaN square microtubes were recently reported using a thermal vapor deposition method [47] .
Such square microtubes consisted of zinc-blende GaN nanoparticles. Here, another kind of GaN microscaled tubes is presented. The presented microtubes 35 are circular and consisted of wurtzite GaN nanorods. The self-assembly growth mechanism is proposed based on experimental phenomena.
Experimental
The synthesis procedures of microtubules are carried out in a hot-walled chemical vapor deposition (CVD) system consisted of a horizontal quartz tube, 40 a resistance tube furnace equipped with a temperature controller, and a molecular pump backed by a mechanical pump. Type-K thermocouples are used to monitor and control temperatures of the CVD system. The gallium metal (99.999 % purity) was purchased from the Sigma-Aldrich Corporation. Polycrystalline quartz substrates are washed by ultrasonicating in acetone and de-45 ionized water, followed by thorough rinsing with methanol and drying in air.
Gallium is placed on the quartz substrates and located at the center of the horizontal quartz tube. Then the reaction system is evacuated by the molecule pump backed by the mechanic pump, and purged / rinsed several times by argon gas before introducing ammonia gas. The gallium / substrates are then heated 50 under a constant flow of argon gas. The temperature gradually increases from room temperature to 820 − 840
• C over 20 minutes. The flowing argon gas is then switched to ammonia gas. The gallium / substrates are maintained at the reaction temperature and kept under the flowing ammonia gas for two minutes.
As-received analytical grade commercial argon gas and ammonia gas (99.9 % 55 purity) are used without further purification throughout the procedures. Afterwards, the flow of ammonia is stopped and the entire system is rapidly cooled to room temperature. The micro-PL measurement on the GaN microtubes is performed in a confocal configuration at room temperature using a 532 nm laser as the excitation source, with the power of 0.4 mW. The spectra are obtained by using a Horiba
Triax550 spectrometer equipped with a thermo-electrically cooled charge cou-75 pled device. The laser beam is focused on individual GaN microtubules with a 50× objective under an optical microscope when the PL spectra are collected.
Results and Discussion
GaN Microtubules. After the synthesis procedures, yellow layers are deposited on the substrates. X-ray powder diffraction (XRD) patterns are collected di- As expected, the porous microtubules are brittle. While in some instances 110 the microtubules are picked up carefully using metal tweezers under an optical microscope, most of the microtubules are broken when they are transferred from the substrates to TEM grids. This is especially noticeable for longer microtubules with large diameters and thin walls. Only shorter microtubules with thicker walls and smaller diameter can be transferred to TEM grids. has six active Raman modes: by surface effects of the GaN nanorods.
A unusual Raman peak is observed at 414 cm −1 (inset of Figure 4 ). The peak should be the acoustic overtone [50] from wurtzite GaN nanorods.
PL spectrum. Figure 5a shows a typical photoluminescence (PL) spectrum of an individual GaN circular microtube, excited by 532 nm wavelength radiation.
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The laser beam is focused on the individual microtube under an optical micro- scope to excite the PL spectrum. The collected PL signals should only come from the circular microtubule, not from other nanomaterials underneat the microtubule. A yellow band, centered at 653 nm, is observed. Similar yellow bands were also observed in GaN nanocomposites [9] , nanoparticles [36] , and 170 nanowires [39] with wurtzite structure.
A PL spectrum of zinc-blende microtubes [47] is shown in Figure 5b for comparion. The PL spectrum of the zinc-blende microtubes is centered at 685 nm.
The PL spectrum of the circular microtubes blue-shifts to higher energy, reflecting the fact that the wurtzite GaN has a wider band-gap than the cubic GaN gaseous gallium (Figure 6a ), as observed on silicon substrates [52] . The diameter of the condensed droplets is usually 5 − 50 μm [53] , depending on reaction temperatures and substrates. The behavior of gallium is very similar to that of other low melting point metals, such as selenium [17] . Gallium droplets evaporate at high temperatures to produce gallium vapor during the CVD procedure. Once ammonia passes the gallium droplets, gallium vapor would react with ammonia to produce GaN nanoparticles (Figure 6b ). The number of the GaN nanoparticles per unit volume is so dense around the gallium droplets that the GaN nanoparticles around the gallium droplets can be considered as a supersaturated aerosol, similar to charged nanoparticles in solutions [54] and nanopar-190 ticles in vapor phases [55, 56] . These supersaturated GaN nanoparticles would spontaneously aggregate into Liesegang rings due to thermodynamatic stability, as observed in other kinds of ordered Liesegang nanoparticle-rings [54, 57] .
The proposed growth mechanism is experimentally confirmed by SEM observation. The middle panel in Figure 6b shows an SEM image of a typical GaN 
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